The effect of nonmagnetic cap layers on the periods, amplitudes, and phases of the oscillations of the interlayer exchange coupling ͑IEC͒ is studied theoretically using ab initio methods. We employ the spinpolarized surface Green function technique within a tight-binding linear muffin-tin orbital method and the Lloyd formulation of the IEC. Application is made to Co/Cu/Co͑001͒ trilayers with a Cu cap interfacing vacuum through the dipole barrier. We investigate in detail both an asymmetric case with one semi-infinite Co slab and the other Co slab being five monolayers thick and a symmetric case with Co slabs of monolayer thickness. In all cases we have found a pronounced oscillatory behavior of the amplitudes and the phases of the IEC oscillations as a function of the thickness of the cap. The case of different spacer and cap materials is also studied. The results for different spacer and different cap thicknesses are analyzed in terms of a discrete Fourier transformation as well as in real space, and found to confirm predictions by the electron confinement model on an ab initio level. ͓S0163-1829͑97͒07038-0͔
I. INTRODUCTION
The oscillatory interlayer exchange coupling ͑IEC͒ between magnetic layers separated by a nonmagnetic spacer has recently attracted considerable attention. 1 The physical origin of such oscillations is attributed to quantum interferences due to spin-dependent confinement of electrons in the spacer. [2] [3] [4] [5] An important conclusion, namely, that the periods of the oscillations with respect to the spacer thickness are determined by the spacer Fermi surface, has been confirmed by numerous experiments. In colloquial terms, the spacer is said to be the ''active'' part of the system causing an oscillatory behavior of the IEC.
Recently increasing interest has been devoted also to the study of other parts of the system like the substrate, magnetic layers, and, in particular, the cap [6] [7] [8] with respect to the IEC. Very recently model theories appeared based on simple freeelectron-like models of electron confinement in the cap. [7] [8] [9] [10] These theories predict an oscillatory behavior of the IEC with respect to the thickness of the cap, which is attributed to electron confinement in the nonmagnetic cap due to the vacuum barrier. 10 The periods of such oscillations can be related to the Fermi surface of the cap material. Experimental observations of the oscillations of the IEC with respect to the cap thickness in a variety of materials [6] [7] [8] support this view of the IEC. In here a detailed ab initio study of such oscillations is presented which offers a general evaluation of theoretical models describing the oscillatory behavior of the IEC as well as a deeper understanding of the influence of the cap for realistic cases.
The aim of the present paper is twofold: ͑i͒ identification of the origin of the oscillations of interlayer exchange coupling with respect to the cap layer thickness and ͑ii͒ verification of basic predictions of the electron confinement model on the basis of ab initio calculations. In particular, various cases are selected in order to illustrate some of the predictions of the proposed theoretical behavior such as oscillations with respect to the cap thickness around a nonzero ͑bi-ased͒ value, the 1/(Nϩ P) 2 decay of amplitudes of oscillations, the (Nϩ P) dependence of the cap contribution, the effect of different spacer and cap materials, and the absence of cap oscillations for misaligned Fermi surfaces.
The paper is organized as follows. In Sec. II we first give a brief account of the effect of electron confinement in the cap and then a short summary of the ab initio approach to this problem. The details of the numerical calculations and the analysis of results, in particular discrete Fourier transformations, are also presented here. In Sec. III we present and analyze the results of the numerical calculations and compare them with conclusions made in terms of the electron confinement model for the cap.
II. FORMALISM

A. Electron confinement in a nonmagnetic cap
The effect of electron confinement in a nonmagnetic cap on the IEC has been discussed in detail in Ref. 10 . Thus, only a brief account will be given here. According to a commonly accepted mechanism, the IEC is due to spindependent electron confinement in the spacer. [2] [3] [4] [5] The periods of the oscillations of the IEC with respect to the spacer layer thickness ͑in the limit of large spacer thickness͒ are determined by stationary spanning vectors ͑along the direction normal to the layers͒ of the bulk Fermi surface of the spacer material. The magnitude of each oscillatory component is determined by the corresponding spin asymmetries of the reflection amplitudes of the magnetic layers. For a detailed presentation of the general theory, the reader is referred to Ref. 5 .
As discussed in detail in Ref. 10 , due to multiple reflections in a nonmagnetic cap, the net reflection coefficient for the top magnetic layer may exhibit oscillations with respect to the cap thickness, and so does also the IEC.
The system considered consists of a stack of layers, namely, from the left to the right: ͑i͒ a semi-infinite ͑non-magnetic͒ substrate layer, ͑ii͒ a left (L) ferromagnetic slab of thickness M ͓in monolayers ͑ML͔͒, ͑iii͒ a nonmagnetic spacer of thickness N, ͑iv͒ a right (R) ferromagnetic slab of thickness M Ј, ͑v͒ a nonmagnetic cap of thickness P, and ͑vi͒ a semi-infinite vacuum. In general, the various parts of the system may consist of different metals, including disordered substitutional alloys. The thickness of the left ferromagnetic slab may be extended to infinity.
The simplest case arises when the cap and the spacer are formed by the same material. So let us consider this case first. The net reflection and transmission coefficients ͑i.e., taking into account all internal multiple reflections͒ for the right magnetic slab in the case of an infinite cap at a given energy and an in-plane wave vector k ʈ are denoted by r R 0↑(↓) and t R 0↑(↓) , respectively, where the upper index ↑ ͑re-spectively, ↓) corresponds to electrons with their spin parallel ͑respectively, antiparallel͒ to the majority spin in the right ferromagnetic layer. 5 Similarly, let r L 0↑(↓) be the net reflection coefficients for the left ferromagnetic slab and r v the reflection coefficient for the vacuum barrier, which is spin independent. The spin average and spin asymmetry of reflection coefficients, respectively, are then given by
where XϭL,R. The spin average and spin asymmetry of the transmission coefficients for the right magnetic layer, t R 0 and ⌬t R 0 , are defined in a similar manner. In the limit of large spacer and cap thicknesses the interlayer exchange coupling ͑defined as the energy difference, per two-dimensional unit cell, between the antiparallel and parallel configurations for the magnetizations of the left and right ferromagnetic slabs͒ is given by
Here, q (␣) is a stationary spanning wave vector ͑in the direction normal to the layers͒ of the bulk Fermi surface of the spacer and the cap material. It should be noted that for matters of simplicity wave vectors are measured in units of d Ϫ1 , where d is the distance between the atomic layers and S is the area of the two-dimensional unit cell. There may be several such vectors labeled by the index (␣). The reflection and transmission coefficients in Eq. ͑3͒ refer to the Fermi energy and to the in-plane wave vector k ʈ(␣) that corresponds to a particular q (␣) . The normal component of the Fermi velocity, v (␣) , and the generalized curvature radius (␣) of the Fermi surface, at k ʈ(␣) , are defined as in Ref. 5 .
The first term in Eq. ͑3͒ gives the IEC for an infinitely thick cap. The second one gives the correction due to the electron confinement in the cap. As is already well known, the first term oscillates as e iq (␣) N and decays as N Ϫ2 . The second one is found to oscillate as e iq (␣) (NϩP) and to decay as (Nϩ P) Ϫ2 . Generally, the second term is smaller than the first one, so that for a given spacer thickness N, the oscillations of the IEC with the cap thickness P often do not lead to changes of the sign of the coupling. All these predictions are well verified by the available experimental data. [6] [7] [8] Let us now consider the more complicated case when the cap and the spacer are different materials. As easily can be shown, the expression for the IEC is then given by
As before, q (␣) is a stationary spanning vector of the bulk Fermi surface of the spacer material; q (␣) Ј is a stationary spanning vector of the bulk Fermi surface of the cap material, corresponding to the same in-plane wave vector k ʈ(␣) . If there is no such vector, the second term in Eq. ͑4͒ has to be dropped. Note that unless k ʈ(␣) corresponds to a highsymmetry point, a spanning vector qЈ of the cap material Fermi surface is unlikely to be stationary at one and the same k ʈ(␣) . A detailed discussion of this point is given in Ref. 5.
In the above equation, v (␣) Ј and (␣) Ј are the perpendicular Fermi velocity and curvature radius of the Fermi surface of the cap material, respectively. As before, the first term in Eq. ͑4͒ corresponds to the contribution of an infinitely thick cap and the second one to the correction due to electron confinement in the cap. The first term is of the same form as before, but the second one turns out to be more complicated: It is no longer a function of Nϩ P. Instead, the oscillatory factor is now
. Furthermore, the amplitude no longer decays as (Nϩ P) Ϫ2 . An approximate (Nϩ P) Ϫ2 decay may still be obtained, provided that the Fermi velocities and Fermi surface curvature radii of the spacer and the cap material are not too different.
Note that all the results mentioned in this section remain valid also in the case of disordered alloys.
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B. Ab initio formulation
The system described in the previous section is split into two subsystems, denoted left (L) and right (R). The left subsystem contains the nonmagnetic substrate and the left ferromagnetic slab. The right subsystem consists of the spacer, the right ferromagnetic slab, the cap, and the vacuum.
We employ the Lloyd formulation of the IEC combined with a spin-polarized surface Green function technique as based on the tight-binding linear muffin-tin orbital ͑TB-LMTO͒ method. 13 Considering M and M Ј as implicit, system-specific parameters, the exchange coupling energy E x (N, P) for a given set (N, P) of spacer and cap layers can be written as a difference of configurationally averaged grandcanonical potentials of the antiferromagnetic and ferromagnetic alignments of magnetic slabs,
Here f (z) is the Fermi-Dirac distribution function and tr L denotes the trace over angular momentum indices L ϭ(l m). In Eq. ͑5͒, the energy integration is performed along a contour in the upper half of the complex energy plane, the k ʈ summation runs over the surface Brillouin zone ͑SBZ͒, and N ʈ is the number of sites in the two-dimensional lattice. The quantity M(N, P;k ʈ ,z) is defined as The data shown refer to n 1 ϭ10 and n 2 ϭ50 in Eq. ͑8͒. Each additional fifth cap layer is highlighted by the dotted line; the limit of an infinite Cu cap ͑inf͒ is plotted as a dashed line.
FIG. 2.
Dependence of amplitudes, periods, and phases of the short-period oscillations with respect to the spacer thickness ͑the maximum around qϷ2.5 in Fig. 1͒ on the thickness of the Cu cap ͑diamonds͒, for M ϭϱ,M Јϭ5: ͑a͒ amplitudes, ͑b͒ deviations of the periods from the value corresponding to an infinite cap, and ͑c͒ phases. The lines serve as a guide to the eye. The dashed lines refer to the corresponding value for an infinite Cu cap.
In Eqs. ͑7͒, the quantities S † (k ʈ ) and S(k ʈ ) are the screened structure constants which couple neighboring ͑principal͒ layers 14 and Ḡ L (M ;k ʈ ,z) is the configurationally averaged surface Green function of the left ͑infinite͒ magnetic subsystem, while Ḡ R (M Ј,N,P;k ʈ ,z) is its counterpart for the right ͑finite͒ magnetic subsystem which also contains the spacer and the cap. Finally, denotes the spin index ( ϭ↑,↓). We refer the reader to Ref. 14 for an efficient evaluation of the configurationally averaged surface Green function in the framework of the present formalism. The use of a Green function formulation of the IEC is essential for describing randomness in the spacer, magnetic slabs, and the cap within the coherent potential approximation ͑CPA͒. The calculations are significantly simplified 12 by using the vertex-cancellation theorem. 11 It should be noted that due to the block tridiagonal form of the inverse of the Green function matrices, inherent to the TB-LMTO method, the evaluation of the surface Green functions, and hence the evaluation of the IEC itself, scales linearly with M , M Ј, N, and P.
C. Details of calculations
Numerical studies were performed by assuming an ideal fcc͑001͒ stacking for the substrate, the spacer, the magnetic slab, and the cap corresponding to the experimental lattice spacing of fcc Cu. In each case, the magnetic slabs consist of Co layers and the spacer and the substrate are formed by Cu layers, while the cap consists either of Cu or Rh layers or of random substitutional Cu 75 Zn 25 alloy layers. We employ the frozen potential approximation and align bulk fcc Cu, fcc Co, fcc Rh, and fcc Cu 75 Zn 25 to the Fermi energy of the substrate ͑for more details see Ref.
15͒. The value of the dipole barrier between the cap and the vacuum was determined self-consistently for the case of a semi-infinite fcc ͑001͒ cap. Special care was devoted to the Brillouin zone and energy integrations. In particular, we used 12 880, 8515, 4095, and 1275 points in the irreducible SBZ for the first four energy points on a contour close to the Fermi energy, respectively, and 210 points for the remaining 16 energy points on the contour. Since temperatures can obscure an analysis of the oscillation amplitudes, 5, 13 all calculations reported here refer to Tϭ0 K and to an energy integration using a Gaussian quadrature on a line contour E F ϩi, (0,ϱ), employing 20 energy points. 
D. Analysis of results
In order to analyze the set of values E x (N, P) where pairs (N, P) typically include N, P(1,50) and, in particular cases, also N(5,15), P(1,100) , a one-dimensional Fourier transformation of the type We first study the case of
for a fixed thickness P of the cap. In the limit of an infinite cap,
this corresponds to an approach commonly used in the trilayer case ͑see, e.g., Ref. 13͒. In a second step we analyze the function
at a fixed thickness N of the spacer. In here we have introduced
in order to remove a trivial peak in ͉F(q)͉ at qϭ0. It should be noted that the prefactor N 2 or (Nϩ P) 2 in Eqs. ͑9͒ and ͑11͒ is consistent with the asymptotic behavior discussed in Sec. II A. The use of a large enough set of input data permits us to exclude the preasymptotic region, e.g., by choosing n (10,50). It should be pointed out that a Fourier transformation such as in Eq. ͑8͒ facilitates in describing the asymptotic behavior properly since only in the asymptotic regime can quantities like the amplitudes and the phases be extracted unambiguously. The periods of oscillations p i or corresponding wave numbers q i , the amplitudes A i , and the phases i , as determined by the Fourier analysis, can be then studied as functions of the implicitly used variable P or N originally kept fixed.
A two-dimensional discrete Fourier transformation
is a suitable tool to analyze the function f (N, P)ϭ(N ϩ P) 2 E 2 (N, P), where the prefactor (Nϩ P) 2 is again consistent with the asymptotic behavior. Strictly speaking, this is a natural choice for the case when the spacer and cap are formed by the same material ͓see Eq. ͑3͔͒, but we shall use deliberately this prefactor also when the spacer and the cap correspond to different materials, i.e., a case in which this prefactor assumes a more complex form ͓see Eq. ͑4͔͒.
III. RESULTS AND DISCUSSION
A. Cu spacer and cap layers: M‫؍‬ϱ,MЈ‫5؍‬
We first consider a system with a semiinfinite Co͑001͒ slab ͑left subsystem͒ and a 5-ML Co͑001͒ slab with a spacer and a cap formed by Cu͑001͒ layers ͑right subsystem͒. The reason for such arrangement is that the amplitude of the socalled long-period oscillation ͑LPO͒ with respect to the spacer thickness is almost suppressed 13 and, thus, simplifies the analysis. In Fig. 1 the results of the discrete Fourier transformation of N 2 E x (N, P) with respect to the spacer thickness N are shown for varying cap thicknesses P. We see a dominating peak at qϷ2.5 which corresponds to the short-period oscillation ͑SPO͒ with respect to the spacer thickness with the period pϷ2.5. The varying height of the peaks indicates the dependence of the amplitudes of the oscillations on the cap thickness. In Figs. 2͑a͒-2͑c͒ we have plotted the amplitudes, a measure for the periods, and the phases of the oscillations as a function of the cap thickness P.
In this figure one can see pronounced oscillations of the amplitudes and the phases with the cap thickness which tend to the corresponding limiting values of an infinite cap. For small cap thicknesses we observe the presence of both the SPO and LPO with respect to the cap thickness. The relative strength of the LPO as compared to the SPO decreases with increasing cap thickness. For thick caps the SPO dominates. The above results are in an agreement with the electron confinement model 10 ͑see also Sec. II A͒. As expected, the periods of oscillations with respect to the spacer and the cap thickness are identical, and in the limit of an infinite cap assume the values for the oscillations of Co/Cu/Co͑001͒ trilayers with respect to the spacer thickness. The periods of oscillations with respect to the spacer thickness are almost independent of the cap thickness, although, as it is clear from FIG. 5 . Dependence of (Nϩ P) 2 E 2 (N, P) on the thickness P of the Cu cap ͑diamonds͒ at a fixed spacer thickness of Nϭ14 in the case of M ϭϱ,M Јϭ5. The line serves as a guide to the eye. Fig. 2͑b͒ , they also oscillate but with an ''amplitude'' which is only about 2% of the absolute value of the period corresponding to an infinite cap. Such oscillations can be viewed as a measure of the ''building-up'' of a bulklike Fermi surface in a finite cap.
By using a conventional way of representation, [8] [9] [10] in Fig.  3 the IEC is shown for three chosen spacer thicknesses N. Figure 3 illustrates an important feature of the IEC; namely, depending on the spacer thickness N, the coupling can be purely ferromagnetic or antiferromagnetic. At a given spacer thickness N the oscillations with respect to the cap thickness are generally around a nonvanishing value, which is the limit of an infinite cap. As illustrated in Fig. 4͑a͒ , another new important feature of the IEC oscillations relative to the cap thickness is the decrease of their amplitudes with both the spacer and cap thickness. In particular, the amplitudes, corresponding to one and the same cap thickness, progressively decrease with increasing spacer thickness N. This result is in an agreement with a recent experiment on a Co/Cu/Co͑001͒ cap system. 6 We first note that in the limit of an infinite cap, which is simply the conventional case of the trilayer Co/Cu/Co͑001͒, 13 the oscillations with respect to the spacer thickness are simply damped by a factor N Ϫ2 which follows from the electron confinement model. 5 The actual functional dependence of E x (N, P) on N and P is thus an important theoretical issue. As discussed in Sec. II A, the term due to electron confinement in the cap, E 2 (N, P), is expected to be a function of Nϩ P ͑if the cap layer is formed by the same material as the spacer͒ and to decay as (Nϩ P) Ϫ2 . In order to verify this prediction the data shown in Fig. 4͑a͒ are plotted in Fig. 4͑b͒ as a function of (Nϩ P). One can easily see that now all curves are indeed very similar in shape.
The real-space plot of (Nϩ P) 2 E 2 (N, P) versus the cap thickness P in Fig. 5 also confirms the fact that E 2 (N, P) decays as (Nϩ P) Ϫ2 , and shows that for Pу15 the asymptotic behavior is already reached. The period of the oscillations is pϷ2.5 MLs, i.e., the same as with respect to the spacer thickness, 13 because it corresponds to the same spanning vector of the Cu Fermi surface.
The two-dimensional discrete Fourier transformation of (Nϩ P) 2 E 2 (N, P) ͑see Sec. II D͒ is presented in Fig. 6 for the case with the spacer and the cap consisting of Cu layers. We observe a pronounced peak situated at q N ϭq P Ϸ2.5 which clearly demonstrates that the oscillations with respect to the spacer and the cap thickness are at the same period, namely, at pϷ2.5 ML.
In addition, we have investigated the effect of the boundary condition at the cap-vacuum interface on the interlayer exchange coupling. It was found that the period and the amplitude of the oscillations with respect to the cap thickness do not depend on the actual boundary condition. This is expected, because both quantities are determined by the Fermi surface of the cap material and by the absolute value of the reflection coefficient for the vacuum, ͉r v ͉, which is 1, independent of the actual boundary condition. In contrast to this, the phase of the oscillations with respect to the cap thickness is governed by the argument of r v , and thus depends on the actual boundary condition: This indeed was confirmed numerically by replacing the exact shape of the vacuum barrier by an abrupt step function which in turn resulted in a shift of 3 ML in the phase of the oscillations.
B. Cu spacer and cap layers: M‫؍‬MЈ‫1؍‬
We now consider a more complicated case, namely, when both magnetic slabs have the same finite thickness, namely, M ϭM Јϭ1. In the conventional case ͑the infinite cap͒ both, the SPO and the LPO, show up with comparable weights in the discrete Fourier transformation. 13 The discrete Fourier transformation with respect to the spacer thickness and varying cap thickness is presented in Fig. 7 . There are two periods, namely, the SPO at qϷ2.5 ͑just as in the previous case͒, but also -similar to the conventional case of an infinite cap 13 -a clearly pronounced peak corresponding to the LPO at qϷ1 with the period pϷ6.3 ML. The variation of the amplitudes and phases of the oscillations with respect to the cap thickness is shown in Figs. 8͑a͒ and 8͑b͒ . In agreement with former theoretical predictions, 10 the oscillations of the amplitudes of both the SPO and LPO with respect to the cap thickness are observed with the period related to the critical points of the Cu-cap Fermi surface. Due to the presence of two periods of oscillations with respect to the cap thickness, the behavior of the phases is more complicated. This is in particular the case for the SPO-related phases. On the other hand, the phases related to the LPO very quickly converge to the limiting value corresponding to an infinite cap. The real-space behavior of the IEC with respect to the cap thickness is displayed in Fig. 9 for three different spacer thicknesses. It should be noted that by plotting E x (N, P) as a function of (Nϩ P), the three curves in Fig. 9 are again very similar in shape.
The two-dimensional discrete Fourier transformation of (Nϩ P) 2 E 2 (N, P) is presented in Fig. 10 for the case of the spacer and the cap consisting of Cu layers. Two prominent peaks located at q N ϭq P Ϸ1 and at q N ϭq P Ϸ2.5, which correspond to the LPO and SPO oscillations, are clearly to be seen.
C. Case of different spacer and cap layers: M‫؍‬ϱ,MЈ‫5؍‬
As discussed in Sec. II A, the case with a cap and a spacer formed by different materials is more complicated. First, in order to obtain oscillations of the IEC with respect to the cap thickness, the spanning vector of the Fermi surface of the cap material has to be stationary for the same in-plane wave vector k ʈ(␣) , giving rise to a spanning vector of the Fermi surface of the spacer material. As mentioned in Sec. II A, unless k ʈ(␣) is a high-symmetry point in the two-dimensional Brillouin zone, this criterion can be satisfied only approximately or by an accidental coincidence. In general the oscillatory factor of the IEC oscillations is now of the form e i(q (␣) Nϩq (␣) Ј P) with q (␣) q (␣) Ј . Since the decay law of the oscillations with respect to the cap thickness is no longer simply proportional to (Nϩ P) Ϫ2 , but of more complicated form, it is of great theoretical interest to investigate a case with a cap and a spacer made corresponding to different materials.
We have chosen first a case of a Cu spacer and a Cu 75 Zn 25 cap for which one expects that their spanning vectors are stationary approximately at the same k ʈ(␣) because of the related topology of the Fermi surfaces for the spacer and cap materials. The IEC of Co/Cu 75 Zn 25 /Co trilayers has been studied in a previous paper: 12 Oscillations with a period of about 3.1 ML ͑i.e., qϷ2.0), corresponding to an in-plane wave vector close to the one giving the SPO oscillation for a pure Cu spacer, were found.
From the two-dimensional Fourier transform of (N ϩ P) 2 E 2 (N, P) shown in Fig. 11 , a peak located at (q N Ϸ2.5,q P Ϸ2.0) is clearly identified, which is in a complete agreement with predictions of the electron confinement model ͑Sec. II A͒.
The other example is the case of a Cu spacer and a Rh cap for which one expects that their spanning vectors are stationary at different k ʈ(␣) . Indeed, inspection of the Rh Fermi surface 4 reveals that there is no stationary spanning vector in the vicinity of the k ʈ(␣) that corresponds to the short-period oscillation for a Cu spacer. One thus expects no oscillations with respect to the cap thickness in the asymptotic regime, or, in other words, if oscillations take place, they should be damped more rapidly than in the case of a Cu cap. This is illustrated by the two-dimensional Fourier transform of (N ϩ P) 2 E 2 (N, P) in Fig. 12 which has to be compared to the reference case of the Cu cap, Fig. 10 . We see, again in full agreement with the theory of Sec. II A, that the Rh cap essentially suppresses the oscillations with respect to the cap thickness.
IV. CONCLUSIONS
We have investigated systematically on the ab initio level the effect of a finite cap on the interlayer exchange coupling. The results confirm the basic predictions of the electron confinement model as well as available experimental data; namely, ͑i͒ the periods of the oscillatory behavior of the IEC with respect to the cap thickness can be related to the Fermi surface of the cap material, ͑ii͒ the oscillations are around a biased value which is generally nonzero and depends on the spacer thickness, ͑iii͒ the coupling energies decrease asymptotically with the thickness of the spacer (N) and the cap ( P) as (Nϩ P) Ϫ2 , and ͑iv͒ the oscillations with respect to the cap thickness can be strongly suppressed if the spanning vectors of the spacer and cap material are stationary at different k ʈ vectors ͑misaligned Fermi surfaces͒.
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